The present work aims to characterize the morphological and mechanical properties of hemp and kenaf fibres. The mechanical properties of natural fibres highly depend on many factors like soil, growth conditions, harvest time or fibre treatment. Since the mechanical properties of the composite are highly conditioned by the characteristics of the fibres, a comprehensive study of the mechanical properties of the fibres is required in order to optimize the composites properties. The fibres were characterized by single fibre tensile testing. Due to the high standard deviation of the measurements, the tensile strength data were statistically assessed. To describe strength data the Weibull distribution function was used. It has been assumed that the fracture stresses of natural fibres are distributed according to the two-parametric Weibull distribution.
INTRODUCTION
Due to their good mechanical properties and the low production costs, the natural fibre composites have established themselves in the automobile industry [1, 2] . The special features of natural fibre composites are: low density, easy processing, and good acoustic properties. Additional advantages like good life cycle assessment and industrial medicine relating advantages compared to glass fibres are also to be taken into account [1] [2] [3] . One disadvantage of the natural fibres is the unevenness of the fibre quality and characteristics, e.g. fibre separation, depending on soil and climate. Often the natural fibre is not sufficiently heat resistant compared to the glass fibre for the conventional processing technique. The mechanical and physical properties of natural fibres are very inhomogeneous because these properties are influenced by many factors like growing conditions, weather, fibre extraction technique, or processing. To employ the natural fibres successfully in composites, knowledge of fibre properties is essential, especially, reliable mechanical data for good composite performance. Subsequently, the knowledge has to be integrated in a processing method that will allow highvolume production and processing of natural fibre composites.
Hemp and kenaf
Hemp and kenaf fibres, as well as flax, jute, and ramie are bast fibres (fibres extracted from the stem of the plant). Hemp (Cannabis sativa L.) is a fast growing annual crop and grows to a height of 2-5 m in 3 months. Hemp fibre bundles are very similar to those of flax, but flax fibres generally contain less lignin and are, therefore, more flexible and make a finer fabric. The mechanical characteristics of these two fibres are very similar and strongly depend on the seed variety, the conditions of growth, time of harvest and manner of retting and other post-harvest handling. Nevertheless, in tendency hemp is stronger than flax and both are stronger than jute [4] .
Kenaf belongs to the genus Hibiscus, family Malvaceae, especially the species H and cannabinus L. These plants are examples of a number of woodystemmed herbaceous dicotyledons growing in the tropics and subtropics. The kenaf plant reaches 2.5-3.5 m in height at maturity, flourishes in dry conditions and can adapt to a wide variety of soils and climates.
The fibres are located at the periphery of the stem and for technical applications are extracted from the plant by mechanical processes [5] . Single natural fibres consist of elementary fibre bundles (about 10-40 elementary fibres in cross section) that are bonded together by a relatively weak interphase mainly consisting of pectin and hemicellulose (low molecular weight branched polysaccharides), which could not be found at some places along the fibres. Consequently, the single fibres do not have a well defined structure in the plant but are more like an arbitrary bundle of elementary fibres, separated at some points and glued together at other positions.
EXPERIMENTAL PART 2.1 Fibres
Kenaf and hemp single fibres were chosen to carry out these tests. These fibres, without an additional treatment, are used to manufacture natural fibre mats. These are impregnated with a polymer matrix on acrylic basis. The so manufactured prepregs are the base material for many composite parts [6] .
Tensile test
Single fibre tensile tests were performed according to the ASTM D 3379-75 standard. The Young´s Modulus, percentage elongation, and tensile strength were calculated from the stress-strain curve recorded on the interfaced computer. Before testing, single fibres were cut and fixed by epoxy glue onto a paper frame at the specified distance. Fig. 1 shows the testing configuration used. The tensile tests were carried out using an Instron 4505 Universal Testing Machine.
Before the tensile tests can be carried out, the crosssectional area of the fibres must be measured. A light microscope was used for making the micrographs of the fibres. For the determination of the fibre crosssectional area the program IMAGE C by IMTRONIC GmbH was used. This program allows the exact determination of the fibres diameter by using the program tools on the fibre micrographs.
Weibull distribution
The Weibull distribution is one of the most widely used distributions in reliability engineering [7] [8] [9] [10] .
It is a versatile distribution that can take on the characteristics of other types of distributions. The Weibull distribution has been widely used to describe the statistical behaviour of the fracture of different fibre types, also natural fibres [9] [10] . It is based on the "weakest-link hypothesis", which means that the most serious flaw controls the strength [8] . It has been assumed that the fracture stresses of natural fibres are distributed according to the two-parametric Weibull distribution, the two parameters being the Weibull modulus and the scale parameter. The Weibull equation (1) expresses the cumulative probability of the tensile strength. The corresponding mean strength ( s ) are given by the equation (2):
s represents the fracture strength and R s and m are the Weibull parameters, the scale parameter and the Weibull modulus, respectively. In the second equation L is the fibre length and G represents the gamma function.
The validation of the Weibull model is done by graphical inspection, plotting the Weibull quantity, Q, against the natural logarithm of strength:
An experimental value of Q is obtained from the raw data, and compared with the model estimate.
RESULTS

Determination of the fibre cross-sectional area
The cross-sectional area of the natural fibres was assumed to be circular, although the single fibres have very irregular transverse sections. In order to minimize the errors, the diameter was measured at three points along each fibre using optical micrographs and the average diameter was used to calculate the properties of the fibre. Figs. 2 and 3 show representative micrographs of some fibres. Obviously, the cross-section is not always homogeneous along the length. So it is not easy to determine the real cross sectional area of the fibres. Fig. 4 exemplarily shows the digital measurement of the fibre cross-section. Two points at the end of the fibre area have to be marked and the program automatically determines the diameter. For the statistical treatment of the data, at least three different positions of 50 fibres, each hemp and kenaf, were digitally measured. A statistical protocol of the 150 diameter measurements for each kind of fibre was also generated (Fig. 5 ). As can be observed by the figure, kenaf fibres are thinner than the hemp fibres. While hemp has an average diameter value of approx. 91 ìm, kenaf shows an average of just 66 ìm due to the processing of the fibres. Kenaf fibres are in this case finer than hemp fibres.
Tensile test
Tensile tests were carried out according to the International Standard ASTM D 3379-75 at a constant room temperature of 23 °C and a humidity of 50 %. Before the tensile fracture the paper frame was cut ( Fig. 6 ), allowing the undisturbed loading of the fibre.
The tests were carried out using a 40 mm gauge length and a crosshead speed of 2 mm/min. From the stressstrain curve the tensile strength (measured at the breaking load/unit area) of the single fibres was obtained. From both, hemp and kenaf fibres, 50 samples were tested. Fig. 7 and 8 show exemplary stress-strain curves for both kinds of fibres. In these graphics, the irregularity of the mechanical characteristic of both kenaf and hemp fibres can be clearly observed. Although as trend it could be assumed that the kenaf have higher stress properties than the hemp, among the single filaments of a same kind of fibre the differences of more than 75 % can be appreciated. The fibres show a brittle behaviour with a strain at break between 1 and 2 %. The test results of all 50 fibres, from both, kenaf and hemp, are shown in Tables 1 and 2 . The average arithmetic value and the standard deviation from the respective measured values as well as the maximum and minimum values obtained are indicated. Values found in the bibliography for the tensile strength are very diverse for both types of fibres reaching from 150 to 1000 MPa.
Hemp and kenaf are strong fibres but are brittle and have only a small elongation at break. The standard deviation of all measurements in almost all cases is approx. 50 %. This important variation depends on many factors. First, the irregularity of the section of the single fibres that sometimes consists of many fibre bundles, which are not equally distributed along the filaments. Since the single filaments are composed of shorter elementary fibres ( Fig. 10) , the presence of critical flaws can vary according to the position of the clamps. Furthermore, the assumption that the cross-section area of the fibres is circular could also be the origin of errors. Moreover, a broad distribution in the tensile strength of fibres is usually attributed to flaws or defects that are either intrinsically present in the material or have been introduced during the handling or processing. Due to the big standard deviation of the measurements, the tensile strength data should be statistically assessed. To describe strength data the Weibull distribution function was used. The Weibull parameters obtained are presented in Table 3 . Using these parameters, the tensile strength is estimated to be 320 MPa for the hemp fibres and 430 MPa for the kenaf fibres, in good agreement with the experimental results. The representation of the Weibull Quantity, Q, obtained from the experimental strength results, as a function of ln(s), obtained from the calculated Weibull parameters, is shown in Fig. 11 
CONCLUSIONS
Hemp and kenaf fibres were prepared for the mechanical tests using the single filament tensile test. The cross-section area of the fibres was measured by microscopic analysis. The tensile properties obtained from single filament tests show values of approx. 400 MPa for kenaf and 300 MPa for hemp for yield strength and approx. 25 GPa for kenaf and 20 GPa for hemp for tensile modulus.
Hemp and kenaf are strong fibres with a high initial modulus, and show very little recoverable elasticity. Tenacity measurements recorded in the literature vary widely, and although some of these variations are due to differences in the methods of measurement, a major part is, as already explained, due to variations in linear density of the fibres themselves. Two-parameter Weibull model was used for analyzing the experimental results. Weibull analysis showed a good fit of the Weibull distribution of strength to the experimental strength results.
